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GENERAL INTRODUCTION 
Fermentation is not new by any means. But as emerging new bioteclnnologies 
are discovered, developed and applied to the processes of fermentation, the resulting 
number of useful products multiplies. However, fermentation is a water-intensive 
process with much of the effluent water a liquid waste of high biological oxygen 
demand (BOD). Wastewater treatment or dewatering of large amounts of liquid 
waste is costly and requires a high-capacity treatment facility or energy-intensive 
processing. With heavy investment by biotechnology-related industries into industrial 
areas, tightening restrictions on effluent quality, and rising costs of water treatment, 
it is desirable to minimize the discharge of waste streams from fermentation 
processes. For these reasons, recycling portions of process effluent can be 
economically beneficial. 
An additional economic benefit of recycle is obviously the reduction of the input 
water requirement. Under normal circumstances the economic benefit of this aspect 
of water reuse is relatively small; however, in water-short areas this benefit may be 
crucial. 
The most significant problem expected from recycle is the accumulation of 
inhibitors introduced with medium constituents, secreted during cellular metabolism or 
resulting from cell lysis. If not removed from the recycle stream, such inhibitors will 
reach higher concentrations and cause poor fermentation performance. 
The purpose of the work was to investigate the potential for the development 
of fermentation processes that allow for the recycling of much of the spent broth to 
the fermentation medium. The critical factor determining the feasibility of such a 
recycle operation will be the effect of recycle on fermentation performance. 
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Two fermentations with different characteristics were chosen as model 
fermentations for development of principles. The first was a yeast fermentation that 
requires high levels of carbon substrate for production of intracellular lipid. The 
second was a bacterial fermentation requiring high levels of nitrogen in the medium for 
production of lysine. The latter is used for commercial production of lysine. 
The goals of this work were to: 
1. examine the effect of recycle on the fermentation in terms of appropriate 
performance measurements; 
2. determine a maximum recycle ratio for successful recycle operation: 
3. study the feasibility of subsequent recycle fermentations if the first recycle batch is 
successful; 
4. compare the consequences of recycling a complex medium based on food industry 
byproducts rather than a defined medium; 
5. discover benefits of recycle fermentation beyond waste reduction, such as 
reduction of lag time or reduction of raw material requirements; 
6. identify the inhibitors most likely to affect the performance of fermentation in 
recycle mode; 
7. develop an effective and economical operation to remove or reduce the level of 
inhibitors in the spent broth, so that recycle can be maintained/increased. 
Dissertation Organization 
The dissertation contains three main sections. The beginning section is the 
literature review, which examines the previous work relevant to this study. Typical 
biochemical problems associated with the recycle of spent fermentation medium, 
the methods for treatment of process effluent for recycle fermentations, and 
results from earlier studies of recycle in various fermentations are reviewed in this 
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section. Eacli of tlie following two sections consists of experimental work for one 
of the model fermentations and is presented in a journal paper format. The first 
paper is about direct broth recycle in microbial lipid fermentation and has been 
published. The second paper deals with the recycle of a downstream processing 
effluent in the lysine fermentation process. 
One appendix is included. It presents a zero liquid discharge strategy which 
utilizes membrane application to provide purified water regeneration for an 
industrial lysine fermentation process. Test results of pilot plant scale experiments 
on an industrial process stream sample are shown in this appendix. 
Literature Review 
Biochemical Problems 
Ashley (1982) highlighted some biochemical problems of recycling 
fermentation medium. Those problems will be defined more clearly in this part of 
survey. 
The principal constituent of fermentation medium is the carbon source. Carbon 
may account for up to one quarter of the weight of the biomass or product and may 
be provided in a number of forms, including sugars, alkanes, alcohols, esters, and 
fatty acids. The next most plentiful elements are nitrogen, phosphorous and sulfur. 
These may be made available as ammonia, amino acids, nitrates, phosphates, 
polyphosphates, and sulfates. 
Trace elements, at a lower concentration level of approximately 1mM, such as 
sodium, calcium, iron, magnesium and zinc are required. Other trace elements at 
about 0.1 mM are copper, molybdenum, colbalt, and nickel. 
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Some elements, at higher concentrations, act as inhibitors. The inhibitory level 
of a particular element is dependent on the pH of the medium and the anions that are 
present. Not only are the concentrations of each of these elements critical, but their 
relative amounts are important as they may interact as complexes or by the 
formation of insoluble salts. They may also interact with respect to their combined, 
rather than individual, effects on cell biochemistry by the promotion or inhibition of 
particular metabolic pathways. The complicated interactions between elements can 
make it difficult to identify the source of inhibition. 
Other required nutrients are vitamins, such as biotin and thiamine, and 
promoters, such as steroids and amino, nucleic and fatty acids. Temperature and 
pH have independent and profound effects on the performance of a fermenting 
organism. In many industrial fermentations, crude natural products, such as 
molasses, corn steep liquor, corn gluten, cheese whey or whey permeate, may be 
used as feedstocks. These feedstocks provide the essential trace elements in 
relatively uncontrolled excess concentration, but also contain unfermentable 
materials which greatly reduce the prospects for direct recycling. 
Having reviewed the initial medium contents, the next step is to indicate 
what may be present at the end of the fermentation. Generally only the major 
carbon or nitrogen source is limiting: all other nutrients will not have been 
completely depleted. In addition to the main fermentation product, left-over 
nutrients, metabolic byproducts or chemicals released from microorganisms due 
to cell lysis will all be present in the spent medium. Those by-products and 
chemicals may be proteins, polysaccharides, carboxylic or nucleic acids, or 
alcohols. 
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Cell harvesting and product recovery after the fermentation may require 
addition of some chemicals into the broth. For example, surfactants or flocculants 
are used to inactivate or flocculate microorganisms to make them easier to 
separate. An alternative is pH shock by the addition of alkali or acid. 
The return of spent medium to the fermentor invariably necessitates re-
sterilization, which is usually achieved thermally. As a result, what goes back into 
the fermentor will include any thermal degradation products of these materials. 
Often complex biochemicals are broken down into simpler ones which may be more 
easily assimilated by the fermenting microorganisms but less useful for the 
intended bioconversion. 
Methods of Treatment 
Whether the fermentation product is intracellular, extracellular or the 
biomass itself. Murphy (1982) has described two kinds of water recycling which 
can be considered for either batch, fed-batch or continuous operations (Figure 1). 
The first, purified water recovery, involves the types of technologies 
employed for water desalination. These include evaporation of various kinds, 
reverse osmosis, electrodialysis, and possibly fractional crystallization. Some of 
these are well established technologies, but most of them are expensive and need 
some degree of stream pretreatment. The high-quality water regenerated by 
these methods ensures that no inhibition takes place in the recycle fermentation; 
the water could also be used elsewhere in the process. While such processes may 
still be less expensive than a total wastewater treatment facility, there is a clear 
incentive to seek alternatives. 
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Figure 1. Flow diagrams of water recycling fermentations manufacturing (a) 
biomass or intracellular metabolites (b) extracellular metabolites as products; (1) 
pure water recovery, (2) direct medium recycling employing no treatment or 
selective treatment to remove the inhibitors. (Murphy, 1982). 
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The alternative water recycling process is the direct recycle of medium, 
possibly including a selective treatment to remove those substances which would 
otherwise accumulate to levels that would inhibit growth and/or product 
formation. Methods which can be used for removal of potential inhibitors include 
adsorption (such as activated carbon treatment), precipitation, ion exchange, 
chelating complexation, solvent extraction, membrane treatment (such as 
microfiltration or ultrafiltration), enzymatic hydrolysis, and thermal degradation. 
The choice of an optimal method will depend on the specific fermentation process. 
Any of the removal methods will benefit from operating with the maximum 
allowable inhibitor concentration In the recycle water, as this makes inhibitor 
removal easier and cheaper. 
Recycle Fermentations 
Having seen the possible biochemical problems and the types of treatment 
methods involved in recycle fermentations, we now review the relatively few 
published reports on water recycling in fermentation. Aspects of interest are the 
characteristics of fermentations, the effect of recycle operation on fermentations, 
approaches to identifying the inhibitors, and methods used to remove inhibitors. 
Babu and Panda (1991) studied the effect of recycle of fermentation broth 
for the batch production of intracellular penicillin amidase by Escherichia coii. Cell-
free broth was recycled to replace from 10 to 100% of medium water for eight 
subsequent batches. The recycle process showed that between 40 and 60% of the 
spent broth could be reused. Most interesting is that synthesis of penicillin amidase 
was actually best in the fourth batch for recycle ratios between 0.6 and 1.0. 
It was thought that fermentation broth might contain some factor(s) which 
influenced the synthesis of product. The cell-free supernatant broth was analyzed 
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for probable factors. The residue obtained after acetone precipitation of the 
supernatant broth was analyzed for protein, carbohydrate, fat and minerals; 
protein was among the components found. Separate batch studies were then 
carried out. It was found that low concentrations (<0.05% BSA equivalent) of 
proteinaceous residue stimulated enhanced synthesis of penicillin amidase. Above 
0.05% BSA equivalent of protein, the synthesis of penicillin amidase declined rapidly. 
This factor was found to be present in broth before and after autoclaving. 
Converti et al.(1991) examined in-situ ethanol recovery and broth recycling 
during continuous fermentation by Saccharomyces cerevisiae to produce alcohol. A 
system consisting of continuous recovery of the product and simultaneous recycle 
and enrichment of the exhaust solution with fresh substrate was proposed. 
Increases to inhibitory levels of nonfermentable polysaccharides and ions in the 
broth were evidenced after 40 days of continuous recycling. This high 
concentration of polysaccharides increased medium viscosity, and the rise in ion 
concentration increased the osmotic pressure of the medium. The accumulation of 
these substances was overcome by addition of serial steps for enzymatic 
hydrolysis of polysaccharide and bioadsorption of the main ions in the broth 
(Ca+2, Mg+2, Mn+2, Fe+2, and Zn+2). a particular characteristic of this system 
was the elimination of wastewater. This system demonstrates how the goal of 
zero liquid discharge can be achieved in a typical fermentation process. 
Medvedeva et al. (1989) developed a scheme for ultrafiltration of the total 
effluent from an industrial lysine fermentation process. The total effluent was made 
up of the local effluents formed in different segments of the process. However, the 
general process of that plant and the local effluents were not described. It seems 
likely that both cells (bacteria) and lysine must have been separated from the local 
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effluents. The total effluent had high concentrations of valuable organic 
components, such as proteins, carbohydrates, and amino acids. Their design 
included recovery of those valuable components and recycle of purified effluent to 
production. For nutrient medium preparation, 10, 25, and 50% of the tap water 
was replaced with permeate from ultrafiltration with a 300K MWCO (molecular 
weight cut-off) membrane. The lysine and biomass yields of the recycle 
fermentations were at the control levels. They also showed that four consecutive 
recycles at the 10% replacement level of effluent treated by ultrafiltration had no 
inhibitory effect on lysine biosynthesis. Tests beyond four were not carried out. 
Ultrafiltration would replace the energy-consuming evaporation process that is 
used conventionally to treat liquid wastes from lysine production, and also allow 
recovery of byproducts and reduction of water consumption. 
Yano et al. (1980) examined the reuse of cell-free broth in fed-batch 
cultures of Protaminobacter ruber, Candida brassicae and E. coli. Half of the cell-
free spent broth was used to make up the medium for the next fermentation. In 
the cases of P. ruber and C. brassicae, growth rates were almost the same with 
the repeated use, four times, of the supernatant. In the case of E. coli, however, 
the bacterium could not grow on the medium prepared with supernatant; acetic 
acid in the recycle was at least partially responsible for the prolonged lag phase 
and decreased growth. The E. coli spent broth could be recycled for cultivation of 
0. brassicae. 
Wang et al. (1975) reused the spent medium stream of a yeast plant to 
totally replace fresh water used to dilute molasses for the production of yeast. 
Both fed-batch and continuous types of cultivation were run. For the fed-batch 
runs, the yeast production and growth rate were not affected after four recycles 
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of effluent. Unfermented sugar and ash accumulated after each cycle but did not 
inhibit cell growth. Continuous fermentations also showed good results. Yeast cells 
were still very active in sugar assimilation at the end of five cycles. Although the 
total BOD of the waste effluent was not changed, the quantity of effluent was 
greatly reduced, so the treatment of waste load was greatly simplied. 
Garcia et al. (1986) used membrane technology to concentrate the dilute 
solvent present in the broth from a continuous butanol-acetone fermentation. Their 
process consisted of passing the fermentation liquor through an ultrafiltration (UF) 
hollow fiber cartridge to remove the suspended cells. The UF permeate containing 
low levels of products was concentrated by reverse osmosis (RO). Ninety percent 
of the butanol was removed with water recovery as high as seventy percent. 
Though recycle was not attempted in this study, the pure water stream from the 
RO unit could have been recycled to the fermentor. Problems with this process 
were fouling and plugging of the UF unit and RO fluxes that were only about one-
third of the flux for an aqueous butanol-acetone mixture. 
In summation, it has been found that; 
1. Direct broth recycling is feasible for some yeast and bacterial fermentations 
for products that are intracellular, extracellular or the biomass itself (Babu and 
Panda, 1991; Converti et al., 1991; Yano,1980; Wang, 1975). 
2. Broth recycling can be done for sequential batches or for continuous mode 
(Babu and Panda, 1991; Converti et al., 1991; Yano,1980; Wang, 1975). 
3. The accumulated inhibitors are different in different cases; they need to be 
identified and removed by selective treatment methods (Converti et al., 1991; 
Yano,1980). 
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4. Membrane technology can be incorporated into the downstream processing 
for both product recovery and either permeate recycle or pure water recovery 
(Medvedeva et al., 1989; Garcia et al., 1986). 
Single Cell Oil Fermentation 
In the study of the first model fermentation, Apiotrichum curvatum ATCC 
20509 (formerly Candida curvata D), an oleaginous yeast, was used as working 
culture. This strain was first isolated for its ability to convert lactose in cheese 
whey to oil (Moon and Hammond 1978). The microorganism can accumulate up to 
60% of its dry weight as cellular lipid, and the major lipid that is stored is 
triglyceride with a fatty acid composition somewhat similar to that of cocoa 
butter (Hammond et al. 1981). 
Lipid accumulation in oleaginous yeasts, including A. curvatum, has been 
quite well explained both biochemically and physiologically (Ratledge and Boulton 
1985; Moreton 1988). The microorganism is cultivated on a medium consisting of 
an excess of the carbon source and a limited quantity of nitrogen source. In the 
early stages of growth the microorganism grows normally until nitrogen nutrient 
limitation occurs. The microorganism can no longer grow and divide and begins to 
accumulate lipid as energy store. The concentration of limiting nutrients defines the 
quantity of biomass in which the lipid accumulation can occur, and hence the final 
concentration of lipid in the culture. The relative proportions of carbon and 
nitrogen nutrients are important. If there is too much carbon relative to nitrogen, 
there will be an excess of carbon source in the medium at the end of the culture, 
whereas in the opposite case the biomass density will be higher, but will contain 
less lipid. 
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A. curvatum can grow on all the common pentoses, hexoses, and 
disaccharides (Glatz et al. 1984). The ability to metabolize such a wide range of 
sugars could make the strain useful in the fermentation of a wide range of 
agricultural and food processing wastes. 
L-Lysine Fermentation 
The second model fermentation chosen for study was the L-lysine 
fermentation. Lysine, an amino acid which Is essential for animal and human 
nutrition, is lacking in cereals and this has created an annual market for lysine in 
excess of 90,000 tons (Hirao et al. 1989). This amino acid is produced 
predominately by direct fermentation using auxotrophic and regulatory mutants of 
Corynebacterium or Brevibacterium species in batch culture (Nakayama 1985, 
Tosaka et al. 1983). 
The strain utilized in our work was Corynebacterium glutamicum ATCC 
21253, auxotrophic for both L-homoserine (or L-threonine plus L-methionine) and L-
leucine. The pathway for biosynthesis (Kiss 1991) of lysine by this strain is 
illustrated In Figure 2. The first enzyme, aspartate kinase, is regulated by 
concerted feedback inhibition by L-threonlne and L-lysine. L-threonine causes 
feedback inhibition of homoserine dehydrogenase, while methionine represses 
synthesis of this enzyme. Hence, a homoserine auxotroph of C. glutamicum 
diminishes the intracellular pool of threonine and reduces its feedback inhibitory 
effect on aspartate kinase and promotes good lysine production. Biosynthesis of 
aspartate for lysine production is from the oxaloacetate component of the Krebs 
cycle. 
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Figure 2. Metabolic pathway for lysine biosynthesis in Corynebacterium 
glutamicum. 
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Cane or beet molasses are generally used as carbon sources in the industrial 
production of lysine. Other carbohydrate materials including glucose, acetic acid, 
and ethanol can be used (Nai<ayama, 1985). Ammonia and ammonium salts are 
general good nitrogen sources. The amounts of the amino acid growth factors 
(threonine, methionine, and leucine) should be appropriate for the production of L-
lysine. These are supplied in limited amounts with threonine limiting for growth. 
While threonine remains, the microorganism grows normally and lysine production is 
inhibited. Lysine production becomes significant after threonine is used up in cell 
growth. The low concentration of threonine bypasses the inhibition of aspartate 
kinase and, therefore, promotes lysine overproduction. The biotin concentration 
must be generally greater than 30 p,g/L in order to inhibit glutamate formation 
(Tosaka et al. 1979). Biotin is an enzyme cofactor involved in cell permeability. 
When biptin is present in excess, glutamate does not leave the cell and its 
production is suppressed. 
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BROTH RECYCLE IN A YEAST FERMENTATION 
A paper published in Biotechnology & Bioengineering (44) 1228-1234 
© 1994 John Wiley & Sons, Inc. 
Tzu-Yin Hsiao"', Bonita A. Glatz^, and Charles E. Glatz^ 
SUMMARY 
Fermentation is a water-intensive process requiring treatment of large 
amounts of effluent broth. It is desirable to increase the ratio of product produced 
to the volume of effluent by minimizing the discharge of effluent from the 
fermentation process. A study of recycling spent fermentation broth for the 
subsequent fermentation was carried out with Apiotrichum curvatum, an 
oleaginous yeast, as the working culture. Spent broth from a defined medium was 
recycled to replace as much as 75% of the water and salts for subsequent 
batches and this was repeated for seven sequential batches without affecting cell 
mass and lipid production. A 64% volume reduction of wastewater was achieved 
in this manner. However, when using whey permeate as the medium, lipid 
production dropped after three consecutive recycle operations at 50% recycle. 
"I Principal author, Department of Chemical Engineering, Iowa State University. 
2 Major professor. Department of Chemical Engineering, Iowa State University. 
3 Consulting on fermentation conditions and manuscript revision, Department of 
Food Science and Human Nutrition, Iowa State University 
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and after two consecutive recycle operations at 75 and 100% recycle. 
Accumulation of ions in the broth appeared to be responsible for the inhibition. An 
ion exchange step was able to eliminate the Ion buildup and restore fermentation 
performance. 
Key words: broth recycle; water reuse; Apiotrichum curvatum; fermentation; 
microbial lipid; inhibition 
INTRODUCTION 
Fermentation is a water-intensive process with spent broths containing 
considerable amounts of water and generally high in biological oxygen demand (BOD). 
Wastewater treatment of large amounts of effluent is costly and requires a high-
capacity treatment facility. With heavy investment by biotechnology-related industries 
into industrial areas, tightening restrictions on effluent quality, and rising costs of 
water treatment, it is desirable to increase the ratio of product produced to the 
volume of effluent by minimizing the discharge of effluent from the fermentation 
process. For these reasons recycling portions of spent fermentation broth can be 
economically beneficial. 
Another benefit of broth reuse is higher conversion of nutrient substrate. This is 
of particular interest for fermentations requiring high levels of a particular substrate 
(either the nitrogen, N, or carbon, C) for product formation. Examples are production 
of amino acids (require high N) and production of microbial oils (high C). An additional 
benefit of water recycling is the reduction of the input water requirement. Under 
normal circumstances the economic benefit of this aspect of water recycling is 
relatively small; however, in water-short areas this benefit may be crucial. 
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The most significant problem expected from recycle is the accumulation of 
inhibitors introduced with medium constituents, secreted during cellular metabolism 
or resulting from cell lysis. Such inhibitors, if not removed from the recycle stream, 
will reach higher concentrations and cause poor fermentation performance. 
Although the biochemical barriers to recycle"' and types of treatments to 
overcome them"'"' have been discussed in principle, not many attempts at broth 
recycling in various fermentations have been reported. The reported studies include 
one of complete recycling of the spent broth in a continuous alcohol fermentation 
with in-situ ethanol recovery and Saccharomyces cerevisiaeA Unfermentable 
polysaccharides and ions reached inhibitory levels eventually. The inhibition was 
overcome by installing enzymatic hydrolysis and ion removal stages in the process. 
In a fermentation producing penicillin amidase, recycling of 40 to 60% of broth 
water could be continued for three subsequent batches without inhibiting 
biosynthesis of product.^ Liquid waste from a lysine production plant was 
ultrafiltered and used to replace 10% of the fresh medium with no inhibition of 
lysine biosynthesis.8 Escherichia coli was found not to grow well on the medium 
prepared with the spent broth, possibly due to the accumulation of acetic acid to 
an inhibitory level. However, it was possible to use this same spent broth for 
cultivation of Candida brassicae^^. 
The purpose of this study is to investigate the potential for recycle of a 
large fraction of fermentation medium in a yeast fermentation of carbon-rich 
medium to produce microbial oil. A single-cell oil fermentation using Apiotrichum 
curvatum, an oleaginous yeast, was chosen as the model fermentation. This 
organism accumulates up to 60% of its cellular dry weight as intracellular lipid 
when grown with an excess of carbon and a limited quantity of nitrogen (high 
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C/N).6, 12, 13 It is able to grow on a wide variety of sugars and a wide range of 
carboliydrate-rich agricultural or food processing wastes, such as banana juice 
and cheese whey permeate.^" 10, 15 process development and economic 
evaluation for industrial-scale production of yeast oil from cheese whey permeate 
have been reported.^ 
This fermentation was chosen for development of principles for spent broth 
recycle for several reasons: 
1. The organism is a yeast and hence the results could be related to other yeast 
fermentations. 
2. A successful fermentation requires both cell growth and product accumulation, 
providing two measures of performance. 
3. Product accumulation requires high C/N ratio, hence higher conversion of 
carbon source could be achieved by medium recycle. 
4. This fermentation could itself provide for agricultural or food processing by­
product utilization. 
MATERIALS AND METHODS 
Microorganism and Media 
Apiotrichum curvatum ATCC 20509 (formerly Candida curvata D) was used 
in all experiments. Stock cultures were maintained on YPD agar slants at 4°C and 
transferred monthly. YPD agar contained (in g/L): yeast extract, 10; peptone, 20; 
dextrose, 20; and agar, 20. 
The defined medium^O contained the following constituents (in g/L): 
KH2PO4, 2.5; MgS04-7H20,1.0; FeCl3-6H20, 0.02; CaCl2-2H20, 0.2; ZnS04-7H20, 
0.001; MnS04-H20, 0.002; NaCI, 0.06; CuS04-7H20, 0.0001; and thiamine-HCI, 
0.001. Glucose (42 g/L) and asparagine (0.8 g/L) were the carbon and nitrogen 
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sources, respectively, at C/N=99. The pH was adjusted to 5.5 before sterilization 
in the autoclave at 121°C for 15 min. 
Condensed whey permeate served as the C and N source for the complex 
medium. It is commercially available (e.g. Mississippi Valley Milk Producers, Luana, 
lA), but here was prepared in the laboratory as follows. Cheddar cheese whey 
from a dairy plant (Wapsie Valley Creamery Inc., Independence, Iowa) was first 
deproteinized by precipitation at 95°C for 20 min,5 and then ulrafiltered through a 
hollow fiber ultrafiltration system (membrane MWCO 30,000, Amicon, Beverly, MA). 
The permeate of the deproteinized whey, having a lactose concentration around 
50 g/L, was dewatered in a rotary evaporator (model RE-51,Yamato Scientific 
Co.,Tokyo, Japan ) at 85°C under vacuum (-5 psig) for 45 min. During 
concentration, portions of lactose/salt crystallized. The resultant condensed whey 
permeate slurry was stored at -15°C before use. Reconstitution of 7.2 g of the 
condensed whey permeate in 100 ml of water provided a whey permeate medium 
with a lactose concentration of 42 g/L, approximately matching the level of 
glucose in the defined medium. Nitrogen sources and minerals present in the whey 
permeate medium were sufficient to support culture growth^O. Nitrogen content 
of the medium was determined by micro-Kjeldahl method^ to be 340 mg/L. The ion 
concentration, expressed as equivalent [NaCI], was found to be 0.06 M by 
measuring the conductivity with a conductivity meter (model 2510, Hach Chemical 
Co., Ames, lA) at 25° after adjusting the pH to 5.5. Whey permeate medium was 
sterilized in the autoclave at 121°C for 15 min. 
Fermentation 
The inoculum was prepared by transfer of cells from a YPD agar slant to 5 
ml of defined medium and then to a 250-ml Erienmeyer flasks containing 95 ml 
20 
defined medium. Tlie culture was incubated for 24 li at 32°C witfi shaking at 200 
rpm (Environ shaker 3597, Lab-Line Instrument Inc., Melrose Park, IL). A 1-ml 
portion of the culture was then transferred to each of several 250-ml Erienmeyer 
flasks containing 100 ml of desired medium. After fermentation, the culture was 
centrifuged at 15,000 x gf for 10 min and the cell paste and broth supernatant 
retained for analysis and recycle. 
Broth Recycling Studies 
Fermentations were defined by the number (N) of previous fermentations in 
which some or all of the broth had been used, and by the recycle ratio, i.e. the 
ratio of the volume of recycled spent medium to the total volume of the culture. 
For defined medium fermentations, the recycled broth (i.e. the supernatant 
obtained after centrifugation of the previous batch culture) was fortified with 
glucose and asparagine to their original concentrations, mixed with appropriate 
volume of fresh medium, and sterilized in the autoclave. For fermentations in whey 
permeate, the recycled broth was mixed with the appropriate volume of deionized 
water, condensed whey permeate was added at 7.2% w/v, and the medium was 
sterilized in the autoclave. Control fermentations in which only fresh medium was 
used (i.e. recycle ratio=0) were always run in parallel with successive recycle 
fermentations and these were used for comparisons to recycle batches. 
Ion Removal 
Reduction of total ion concentration was achieved by ion exchange. The 
mixed bed resins (Bio-Rex, RG501 -X8, 20-50 mesh, molecular weight exclusion: 
1,000, reactor grade, BioRad Co., Richmond, OA), commonly used for industrial 
process water treatment, contained both anion exchange in OH' form and cation 
exchange in H+ form. Fifteen grams of the mixed resins were packed in a 1.8 x 10 
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cm (d X I) column. Single passage usually achieved 90% ion removal from 100 ml 
broth. A second column was used if 90% reduction level was not obtained. 
Assays  
Dry cell weight was estimated by washing the cell paste from 10 ml of 
broth twice in deionized water and drying to constant weight at 90°C. Lipid 
content of cells was measured as total fatty acids by aqueous alkaline hydrolysis 
of cell paste from 20 ml of broth with 12% alcoholic KOH followed by hexane 
extraction and weighing of the free fatty acids,"'0 Glucose in the defined medium 
and lactose in the whey permeate medium were measured by the dinitrosalicylic 
acid assay for reducing sugar.9 Nitrogen was determined by the micro-Kjeldahl 
method.2 Copper selenite was used instead of mercuric oxide. Before sugar and 
nitrogen assays, the broth supernatants were filtered (0.2 |j.m pore size, Cole-
Parmer 2915-60, Niles, IL). 
Statistical Method 
Version 2 of JMP (SAS Institute Inc., Gary, NC), software for statistical 
visualization on the Apple Macintosh, was used for the statistical analyses 
reported below. Analyses of variance (ANOVA) and test of significance of 
variables were carried out by using the "Model with multiple effect" method in this 
program. 
RESULTS AND DISCUSSION 
Fermentation using defined medium 
Control fermentation results 
A typical growth curve for Apiotrichum curvatum in the defined medium with 
C/N=99 is shown in Figure 1. Culture growth was seen through 50 h of incubation. 
Nitrogen was depleted by 25 h. There was relatively little glucose consumption 
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Figure 1. Typical cell growth and lipid accumulation patterns for Apiotrichum 
curvatum grown in defined medium. 
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and lipid accumulation in this phase. After 50 h, significant lipid production and 
glucose consumption occurred. Maximum accumulated lipid (8.5 g/L), and total dry 
cell weight (14.3 g/L) were measured at 120 h, at which time glucose was 
depleted. With continued incubation, total lipid decreased slightly, possibly through 
metabolism of lipid by cells."'2 The pH was relatively constant throughout the 
incubation. Based on these results, 120 h was selected as incubation time for all 
recycle fermentations. 
Direct broth recycling study 
The recycling of broth supernatant was conducted for six consecutive 
batches (from N=1 to N=6) at recycle ratios of 0.25, 0.5, and 0.75. The 
performance measurements for representative fermentations are listed in Table I. 
For each performance measurement, ANOVA having N and recycle ratio as 
variables was performed. There was no significant variation of fermentation 
performance either with recycle ratio or N. Performance in all cases nearly 
matched the control with fresh medium. The lack of inhibition also indicates that 
cellular metabolites are not inhibitory at the levels of recycle used here. 
For the first trial of this study, we assumed that minerals and thiamine were 
present in excess in the defined medium, and did not replenish them in the recycled 
medium. To check this assumption, we carried out fermentations in fresh medium 
that contained 75%, 50% or 25% of the minerals and thiamine of the defined 
medium. At these reduced levels of minerals and thiamine, all fermentation 
performance parameters were the same as for controls (data not shown). Hence, 
the portion of fresh medium supplied to the recycle fermentations provided 
sufficient minerals and thiamine. 
24 
Table I. Effect of broth recycling on cell growth and lipid production by Apiotrichum 
curvatum in successive recycle fermentations 
recycle ratio control 
N performance measurement 0.25 0.5 0.75 (N=0) 
1 biomass produced, g/L 14.6 14.9 15.2 15.1 
lipid produced. g/L 8.5 8.9 9.0 8.3 
lipid content, % 58 60 59 55 
fat coefficient, g lipid/lOOg glucose 20.2 21.1 21.3 19.8 
pH at end of fermentation 4.8 5.1 5.1 5.1 
3 biomass produced, g/L 14.9 15.0 14.8 15.0 
lipid produced. g/L 8.7 8.7 8.9 8.5 
lipid content, % 59 58 60 57 
fat coefficient, g lipid/1 OOg glucose 20.8 20.7 21.1 20.2 
pH at end of fermentation 5.0 5.1 5.1 5.1 
6 biomass produced, g/L 14.3 15.7 14.9 15.2 
lipid produced. g/L 8.0 8.5 9.1 9.0 
lipid content, % 56 54 60 59 
fat coefficient, g lipid/1 OOg glucose 19.3 20.5 21.9 21.4 
pH at end of fermentation 5.1 5.1 5.1 5.1 
average biomass produced, g/L 14.9±0.5 15.2±0.3 15.2±0.4 15.2±0.3 
and std. lipid produced. g/L 8.5±0.3 8.8±0.2 8.9±0.2 8.7±0.3 
deviation lipid content, % 57±2 58±2 59±2 57±1 
fat coefficient, g lipid/1 OOg glucose 20.4±0.8 21.0±0.4 21.3±0.5 20.7±0.6 
pH at end of fermentation 4.9±0.1 5.1±0.1 5.0±0.2 5.1±0.0 
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The results in Table I demonstrate the feasibility of direct broth recycling for 
this microbial oil fermentation. Broth can be reused in as high as 0.75 recycle ratio 
and the recycle can be carried out to at least N=6. Significant savings of water 
can be achieved: the amount of feed water needed and wastewater generated 
from an initial batch followed by six batches with recycle ratio of 0.75 is 64% less 
than those for seven batches with no recycle. 
Fermentations using whey permeate medium 
Control fermentation results 
The growth curve for A. curvatum in fresh permeate is shown in Figure 2. 
Nitrogen was consumed rapidly during the first 25 h, and thereafter nitrogen level 
decreased only slightly. It is likely that the remaining nitrogen was in a form that 
was not available to the microorganisms. Lactose was utilized rapidly from the 
beginning of the fermentation and was almost depleted at 110 h. Most lipid 
accumulated from 25 to 110 h and maximum lipid was reached at 120 h. The pH 
increased with incubation time and remained at 7.5-7.6 after 70 h. Since 
metabolism of different nitrogen sources is known to affect pH differently,"'4 the 
difference in the nitrogen sources in the two media may account for the difference 
in pH behavior. 
Direct broth recycling study 
Because fermentations in the defined medium at recycle ratios of 0.25, 0.5 
and 0.75 were so successful, we tried higher recycle ratios of 0.5, 0.75, and 1.0 
for whey permeate. Replicate sets of recycle fermentations were carried out. 
Performance measurements of the batches of the same N and recycle ratio were 
averaged and are illustrated in Figure 3a-3d. For each performance measurement. 
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ANOVA was performed to test the significance of the two variables, N and recycle 
ratio. 
Broth recycling had no evident effect on total cell weight for batches at N=1 
or N=2 at any recycle ratios (Figure 3a). However, cell weight declined in all 
batches at N=3. The decline was most noticeable for total recycle (recycle 
ratio=1.0). 
Although lipid production (Figure 3b) in the N=1 batch at all recycle ratios 
was close to that of the control, significant decreases in lipid production occurred 
in the N=2 batches at ratios of 0.75 and 1.0, and in the N=3 batch at 0.5 ratio. 
Weights of nonlipid biomass did not vary significantly (Figure 3c). This suggests 
that recycling inhibited lipid accumulation, but not culture growth. Indeed, the fat 
coefficient, defined as g lipid produced per 100 g substrate consumed, was 
significantly reduced, especially in N=3 batches (Figure 3d). 
In general, higher recycle ratio led to worse performance; at the same 
recycle ratio, performance declined with N. Broth from the initial batch could be 
completely reused without affecting performance. This could reduce the amounts 
of feed water and wastewater generated by 50%, compared to two no-recycle 
batches. However, additional batches with total recycle show inhibition of lipid 
production. 
A likely cause for the performance decline was the buildup of unutilized whey 
permeate components, possibly ions or nonfermentable nitrogen. Consumption of 
ions by cells was low as evidenced by little change in medium conductivity during 
each fermentation (data not shown) and a rise in total ion concentration in 
subsequent recycle batches (Figure 4a). Salt buildup may also enhance the buffer 
capacity of the medium. Normally the pH of medium increased from 5.5 to around 
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7.5 after 120-hour fermentation; it increased less if more salts were present in the 
medium (Figure 4b). To eliminate accumulated ions, the spent media from the N=3 
batches were treated by ion exchange before use in the N=4 batches. The modified 
media supported good growth and lipid production as shown by improvements in 
fermentation performance parameters (Figure 3, N=4). In addition to ions, 
nonfermented nitrogen components accumulated in the broth (Figure 4c). The 
identity of these components was not determined. We presume it to be 
nonfermentable since its consumption stopped long before the lactose was 
consumed (Figure 2). Total nitrogen content of the medium increased with recycle 
ratio and N and appeared unaffected by the ion exchange step, as evidenced by 
the higher nitrogen levels in the N=4 batches. The 1000 MW exclusion limit of the 
resins would limit capture of proteins and many peptides. While an unidentified 
inhibitor might have been adsorbed by the resin, it appears that ion accumulation 
rather than nitogen accumulation is responsible for the performance decline. 
Comparison of lipid production with corresponding ion levels shows that lipid 
production was inhibited in those fermentations having initial ion concentration 
higher than 0.1 ±0.05 M of equivalent [NaCI]. Intervention to keep levels below 0.1 
M was used in a subsequent set of fermentations. Since ion concentration would be 
above 0.1 M in the N=2 batch, some of the spent broth from the N=1 batch at 
recycle ratio 1.0 was deionized before it was reused. Restoration of performances 
was confirmed (Table II). At 120 h the culture grown with the deionized spent 
broth performed as well as did the control culture, while the culture grown with 
untreated spent broth produced less total biomass and less lipid. The procedure 
of normal batch, 100% recycle batch, ion exchange, and 100% recycle would 
reduce fermentation water use by a factor of three. 
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Table 11. Comparison of cell growth and lipid production of Apiotrichum curvatum 
in N=2 batches with total recycle of deionized or undeionized spent broth 
N 2 2 2 control 
(N=0) 
recycle ratio 1.0 1.0 1.0 
deionization treatment for spent 
broth of previous batch 
yes no no no 
fermentation time, hr 120 120 168 120 
biomass, g/L 17.2 16.5 17.4 17.4 
lipid produced, g/L 8.5 7.0 7.9 8.1 
lipid content, % 49 43 45 47 
lactose used, g/L 38.9 34.5 36.5 40.3 
lactose consumption, % 96.8 91.2 96.5 95.7 
fat coefficient, g lipid/100 g lactose 21.9 20.4 21.6 19.4 
non-lipid biomass, g/L 8.7 9.5 9.5 9.3 
Unlike the recycle fermentations in defined medium, in which the C/N ratio for 
each fermentation was always kept at 99 by restoring carbon and nitrogen to 
original levels, recycle fermentations using whey permeate medium had different 
C/N ratios because of the method of medium preparation. The same amount of 
condensed whey permeate was added regardless of recycle ratio, ignoring any 
left-over carbon and nitrogen contained in the recycled portion. This procedure 
was necessitated by the presence of nonfermentable nitrogen. A test for the role 
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of substrates not consumed as a result of inhibited rates of metabolism was 
made by extending the fermentation of the culture in untreated broth to 168 h 
(Table II). With the extended fermentation time, all performance parameters 
matched those of the control. During this additional 48 h, about 0.9 g/L of lipid 
were produced from about 2 g/L of lactose. Since lipid accumulation still took 
place after 120 h, the presence of excessive amounts of ions was considered to 
slow but not to stop lipid synthesis. Production of nonlipid biomass was not 
inhibited. 
CONCLUSIONS 
The expected challenges to successful recycle were accumulation of 
unutilized medium components or cellular metabolites, either of which could prove 
inhibitory. The successful recycling with defined medium indicated that cellular 
metabolites were not a serious problem for this yeast fermentation. Higher than 
75% recycle might also have been successful but was not attempted. On the other 
hand, several medium components accumulated with the whey permeate medium 
and inhibitory effects were apparent by the second recycle batch for the higher 
recycle ratios. The inhibitory effects were linked to the accumulation of salts and 
affected lipid production rates most acutely. However, fermentation performance 
could be restored by incorporation of an ion exchange step to reduce ionic 
strength below 0.1 M. The result was a three-fold savings in feed water 
requirements and wastewater volume. 
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WATER REUSE IN THE L-LYSINE FERMENTATION PROCESS 
A paper to be submitted to Biotechinology & Bioengineering 
Tzu-Yin Hsiao and CInarles E. Glatz 
SUMMARY 
L-Lysine is produced commercially by fermentation. As is typical for 
fermentation processes, a large amount of liquid waste is generated. To minimize the 
waste, which is mostly the broth effluent from the cation exchange column used for 
lysine recovery, we investigated a strategy of recycling a large fraction of this broth 
effluent to the subsequent fermentation. This was done in a lab-scale process with 
Corynebacterium glutamicum ATCC 21253 as the lysine-producing organism. Broth 
effluent from a fermentation in a defined medium was able to replace 75% of the 
water for the subsequent batch; this recycle ratio was maintained for three sequential 
batches without affecting cell mass and lysine production. Broth effluent was recycled 
at 50% recycle ratio in a fermentation in a complex medium containing beet molasses. 
The first recycle batch had a somewhat lower final lysine production, but somewhat 
higher maximum cell mass. In addition to reducing the volume of liquid waste, this 
recycle strategy has the additional advantage of utilizing the ammonium desorbed 
from the ion-exchange column as a nitrogen source in the recycle fermentation. The 
major problem of recycling the effluent from the complex medium was in the cation-
exchange operation, where column capacity was lower for the recycle batch. The loss 
of column capacity probably results from the buildup of cations competing with lysine 
for binding. 
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INTRODUCTION 
Fermentation is a water-intensive process witii much of the effluent water a 
liquid waste of high biological oxygen demand (BOD). Wastewater treatment or 
dewatering of large amounts of liquid waste is costly and requires a high-capacity 
treatment facility or energy-intensive processing. With heavy investment by 
biotechnology-related industries into industrial areas, tightening restrictions on 
effluents, and rising costs of water treatment, it is desirable to minimize the 
discharge of waste streams from the fermentation process. For these reasons, 
recycling portions of process effluent can be economically beneficial. 
Not many attempts at water reuse in fermentations have been reported.^-
4, 11, 14 vve carried out a broth recycle study with a yeast fermentation that 
requires a high level of carbon substrate to promote intracellular lipid production.^ 
Spent broth from a defined medium was recycled to replace as much as 75% of 
the water for subsequent batches and this was repeated for seven sequential 
batches without affecting cell mass and lipid production. The L-lysine fermentation, 
an industrially important fermentation, provides a contrasting test for the general 
usefulness of such a strategy. For this fermentation the microorganism is a 
bacterium, the product is extracellular, and the medium is rich in nitrogen. 
L-Lysine is one of the most important amino acids for feed additives; 90,000 
tons per year are manufactured by fermentation.® Commercial production of L-
lysine was made possible by the isolation of auxotrophic and regulatory mutants 
of Corynebacterium or Brevibacterium species. A typical industrial L-lysine 
production process is shown in Figure 1. After a batch fermentation, the cells are 
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Figure 1. A typical industrial lysine production process. 
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removed from the broth; L-lysine is recovered by adsorption on a strong cation-
exchange resin, followed by elution with ammonium solution, evaporation to remove 
the ammonium from the eluate, and crystallization of the final product as lysine 
hydrochloride. The large volume of broth effluent from the cation exchanger is either 
sent to wastewater treatment before being discharged or is dewatered by 
evaporation to form a concentrated byproduct. 
One studydid deal with this femnentatlon. Effluent from several 
undescrlbed points in the industrial process were combined and treated by 
ultrafiltration. The ultrafiltration permeate replaced tap water for medium 
preparation. Four consecutive recycle batches at the 10% replacement level had 
no inhibitory effect on lysine biosynthesis. 
The major liquid waste generated in production of lysine by fermentation is 
the spent broth leaving the lysine recovery step (i.e. the cation exchanger). 
Recycling a large fraction of this stream within the process would minimize the 
amount of broth effluent that must be treated and result in environmental and 
economic benefits. In the work reported here, which used a lab-scale version of the 
industrial L-lysine production process, we found such recycle to be feasible for both 
defined and complex fermentation media. 
MATERIALS AND METHODS 
Microorganism 
The working organism is Corynebacterium glutamicum ATCC 21253, 
auxotrophic for both L-homoserine (or L-threonine plus L-methionine) and L-leucine. 
Aspartate kinase is inhibited when levels of both L-lysine and L-threonine are high. 
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but is not significantly inhibited by either metabolite alone. When L-threonine, which 
is provided in the medium, becomes exhausted, L-lysine is overproduced due to 
bypass of the aspartate l<inase inhibition. 
Media 
The working strain was maintained on LB5G agar plates (5 g yeast extract, 
10 g tryptone, 10 g NaCI, 5 g glucose, and 18 g agar per liter of deionized water), 
grown at SCC and stored at 4°C. 
The media for Inoculum and fermentation follow Vallino et al."' 3 The defined 
fermentation medium consisted of (per L working volume): 140 g glucose, 0.6 g 
MgS04-7H20, 1 g citric acid, 50 mg FeS04-7H20, 2 g NaCI, 0.1 g CaCl2-2H20, 20 
ml 100X trace salts (see below), 40 g (NH4)2S04, 4 g K2HPO4, 2 g KH2PO4, 733 
mg L-threonine, 600 mg L-methionine, 1500 mg L-leucine, 1 mg biotin, and 2 mg 
thiamine-HCl. The first seven ingredients were diluted to 800 ml with deionized 
water and sterilized in the autoclave in the fermentor. The remaining components 
were diluted to 200 ml with deionized water, heat-sterilized and aseptically 
transferred to the fermentor. The 100X trace salts solution consisted of (per L of 
water): 200 mg MnS04, 20 mg Na2B407-10H20, 10 mg (NH4)6M07O24-4H2O, 
200 mg FeCl3-6H20, 50 mg ZnS04-7H20, and 20 mg CuCl2-2H20. 
Beet molasses was the carbon and mineral source in the complex 
fermentation medium. One liter of complex medium was prepared by mixing 345 g 
beet molasses (provided by Heartland Lysine Inc., Eddyville, lA), 1 g citric acid, 40 
g (NH4)2S04, 2 g K2HPO4, 1 g KH2PO4, 733 mg L-threonine, 600 mg L-methionine, 
1500 mg L-leucine, 1 mg biotin, and 2 mg thiamine-HCl in 740 ml of deionized 
water. This amount of beet molasses provided the same total sugar as was 
provided as glucose in the defined fermentation medium. All ingredients were heat-
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Sterilized together in the fermentor without concern for the browning reaction, 
because the majority of sugar in beet molasses is sucrose,8 which is a nonreducing 
carbohydrate. 
The same culture medium was used to prepare inoculum for fermentations 
with the defined and the complex media. It consisted of the same components as 
in the defined medium but at reduced levels (per L of deionized water): 20 g 
glucose, 0.2 g MgS04-7H20, 0.5 g citric acid, 20 mg FeS04-7H20, 1 g NaCI, 0.05 g 
CaCl2-2H20, 10 ml 100X trace salts, 5 g (NH4)2S04, 8 g K2HPO4, 1 g KH2PO4, 
150 mg L-threonine, 40 mg L-methionine, 100 mg L-leucine, 0.5 mg biotin, and 1 mg 
thiamine hydrochloride. 
Fermentation 
The cultivation conditions were based on those of Kiss et al."!® The inoculum 
was prepared by transfer of a loopful of the microorganism, which had been 
grown 24 to 36 hours on the LB5G agar plate at 30°C, to a 250-ml Erienmeyer 
flask containing 50 ml of inoculum medium. The culture was incubated for 15 to 18 
hr at 30°C and 220 rpm (Environ shaker 3579; Lab-Line Instrument Inc., Melrose 
Park, IL). Fifty ml of culture were transferred to a 2-L BioStat M fermentor 
(B.Braun Co., Allentown, PA) with 1-L working volume. The pH was controlled at 
7.0±0.2 by addition of 3 N HCI and 8 N NaOH. Temperature was maintained at 
30°C. Foaming was controlled by adding silicone polymer with nonionic emulsifiers 
(Antifoam A emulsion, Sigma Chemical Co., St. Louis, MO). Aeration was set at 1 
vvm and agitation was 700 rpm. Aeration was increased to 1.5 vvm and agitation 
to 1400 rpm when the dissolved oxygen level dropped below 15% of saturation 
level. During the course of fermentation, on-line process data were plotted every 3 
min. Each fermentation was performed two or three times. 
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Cation Exchange for L-Lysine Removal 
At the end of cultivation, cells were removed from the broth by 
centrifugation at 10,000 g for 20 mln. Cell-free broth was acidified with 
concentrated sulfuric acid to pH 2.0 before it was pumped to a 2.5 x 50 cm 
(diameter x length) column packed with 200 ml of wet, strong cation-exchange 
resin in the ammonium form, which had been converted from 150 g of dry resin in 
the hydrogen form (AG-SOW X8, 100-200 mesh size, Bio-Rad Co., Richmond, CA). 
To avoid diluting the broth effluent, which was to be recycled to the subsequent 
fermentation, the first 75 ml (i. e. the column void/dead volume) of effluent was 
not collected. For regeneration, the column was rinsed with 600 ml of deionized 
water, then regenerated with 600 ml of 1 N NH4OH, and rinsed with 600 to 800 ml 
of deionized water. The flow rate for all steps was 1 ml/cm^/min. 
If the capacity of one column was insufficient to remove 99% of lysine from 
1 liter of broth, column operation was stopped once column saturation was 
detected (effluent concentration reached 10% of the inlet lysine concentration). 
The column was regenerated and the remaining broth treated. 
When obtaining complete breakthrough curves for column operation, broth 
feeding was not stopped until lysine concentration in the effluent stream reached 
that of the broth. 
Recycling of Broth Effluent 
Fermentations were defined by the number (N) of previous fermentations 
from which some broth effluent had been recycled, and by the recycle ratio (R), i.e. 
the ratio of the volume of recycled broth effluent to the total volume of the 
culture. 
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Broth effluent was assayed for its sugar, anrimonium, citric acid, amino acid, 
and major ion contents for the recycling studies using defined medium. Biotin, 
thiamine-HCI, and trace salts were assumed to be exhausted after cultivation. 
Replenishing amounts of glucose, citric acid, and minerals were dissolved in 
deionized water of a proper volume. The mixture was then sterilized in the 
fermentor. Amounts of minerals added were those required to restore the cation 
levels. Mineral assays were performed during the first series of fermentations and 
assumed to be the same for the replicate series. For those cations present in 
excess of the defined medium levels (because of additions during the 
fermentation), no makeup was added. Broth effluent for recycle was sterilized by 
passage through a sterile filter capsule (0.2 |xm, #6706-3602, Whatman Ltd., 
Maidstone, England) after addition of (NH4)2S04, L-threonine, L-methionine, L-
leucine, biotin, and thiamine-HCI. Cold sterilization was used to avoid any browning 
reaction caused by residual glucose in the broth effluent. 
In recycling studies with the complex medium, broth effluent for recycle was 
measured for its ammonium content only. Residual levels of L-threonine, L-
methionine, L-leucine, citric acid, biotin, and thiamine-HCI were assumed to be 
negligible and these components were replenished in full for recycle fermentations. 
All makeup nutrients along with 345 g of molasses were dissolved in the broth 
effluent from the column, diluted with deionized water to 1 liter, and sterilized in 
the fermentor. 
Assay 
Measurements of dry cell mass, lysine, and carbon and nitrogen substrate 
levels were obtained from samples taken during the course of fermentation. Dry 
cell weight was measured by centrifuging, washing, and drying cells to constant 
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weight at 90°C. The supernatant was filtered (0.22 nm pore size, Costar Co., 
Cambridge, MA) and stored at -15°C for subsequent analysis. Amount of L-lysine 
was determined by the acidic ninhydrin-copper reaction"' and expressed as 
equivelant weight of L-lysine-HCI. Glucose concentration in the defined medium was 
analyzed by the dinitrosalicylic acid assay."12 Total sugar level in the complex 
medium was measured by the phenol-sulfuric acid method^ using sucrose as the 
standard. Ammonium nitrogen level was measured by an ammonium ion-selective 
electrode^ (#9512, Orion Co., Boston, MA). Three amino acid growth factors 
(threonine, methionine, and leucine) as well as several amino acid byproducts 
including alanine and valine in the final broth and the broth effluent were assayed at 
the Protein Structure Facility of the University of Iowa (Iowa City, lA) on a 
Beckman 6300 High Performance Amino Acid Analyzer (Beckman Instrument Inc., 
Palo Alto, CA) equipped for ion exchange chromatography with ninhydrin detection. 
The Chemical Analysis Laboratory of Iowa State University (Ames, lA) performed 
analysis of major metal ions by atomic adsorption spectrophotometry (Thermo 
Jarrell Ash Corp., Franklin, MA) and sulfate and chloride by Technicon Autoanalyzer 
(Technicon Inc., Tarrytown, NY). Amounts of organic acid and carbohydrate 
metabolites were estimated by HPLC using an Aminex HPX-87 H column (Bio-Rad 
Co., Richmond, CA) with peak detection by UV absorbance (210 nm; Beckman 165 
UV Detector, Beckman Instrument Inc., Berkeley, CA) and refractive index (Knauer 
Differential Refractometer, Rainin Instrument Co., Woburn, MA). 
RESULTS AND DISCUSSION 
Fermentation Using Defined Medium 
The recycling of broth effluent was conducted first at R=0.5. This N=1, 
R=0.5 batch (results are not shown here) performed as well as the control, i.e. the 
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N=0 batch with fresh medium. Consecutive recycle batches (from N=1 to N=3) 
with a higher recycle ratio, R=0.75, were then carried out. The fermentation 
profiles of representative batches for each set of N are shown in Figure 2. Culture 
growth was followed for 60 h. In all cases, dry cell weights were seen to reach 
their maxima of 21.5-23.5 g/L between 30 and 36 h, then decline to 19-22 g/L. 
Production of lysine became evident after 20 h and reached levels as high as 20.5 
to 24.0 g/L by 60 h. Most glucose was depleted; only 5-11 g/L remained. 
Ammonium was utilized efficiently with its residual content less than 0.1 M. 
Dissolved oxygen (D. O.) profiles all followed a similar pattern. After a lag period, 
D. O. decreased rapidly to below 15% saturation. Higher aeration and agitation 
rates were then applied to boost D. O. Oxygen demand remained high until 
production of lysine began (about 20-25 h). Thereafter, D. O. gradually rose. 
The fermentation profiles in all cases closely matched the control. The lack 
of inhibition indicates that cellular metabolites are not inhibitory at the levels of 
recycle used here. 
Table I lists the concentrations of glucose, NH4+, amino acids (including 
product, byproducts, and the culture growth factors), organic acids, 
carbohydrate metabolites, and major ions in the final broth (before acidification) 
and in the column effluents for batches N=0 to 2. The makeup quantities of 
medium ingredients for preparation of the recycle medium batches were calculated 
from these effluent concentrations. 
Glucose concentrations of broth and broth effluent were close. Were the 
initial void volume of the column not discarded (as might not be done in a 
production scale process), the effluent would have been diluted by 10%. 
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(a) 
20 40 
Time, hr 
Figure 2. Fermentation profiles of recycling fermentation using defined medium. 
N=0 was the control and contained no recycled broth effluent, (a) dry cell weight 
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Figure 2. (continued) (b) L-lysine HCi 
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Figure 2. (continued) (d) NH4+ 
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Table I. Chemical compositions of final broth before acidification (stream B) and 
of the effluent from the cation exchange column (stream E) for each set of N at 
R=0.75. 
0
 I
I z
 N = 1 Z
 
II to
 
stream B E B E B E 
glucose, g/L 4.6 4.4 6.4 6.1 10.2 9.4 
NH4+, M 0.06 0.43 0.01 0.37 0.08 0.32 
lysine-HCI, g/L 22.9 0.2 24.2 0.2 21.7 0.2 
glycine, g/L 0.1 0.1 0.1 0.1 0.2 0.1 
alanine, g/L 1.9 0.2 1.6 0.4 1.4 0.4 
valine, g/L 2.4 0.1 3.4 0.8 3.3 0.8 
threonine, mg/L 4 4 4 3 3 1 
leucine, mg/L 907 13 757 160 880 197 
methionine, mg/L 104 2 115 18 136 26 
pyruvate, g/L 3.9 4.3 7.7 6.2 9.2 7.0 
acetate, g/L 0.1 0.0 1.0 1.2 1.9 0.7 
lactate, g/L 0.8 0.5 3.7 4.4 5.0 3.6 
trehalose, g/L 2.3 2.6 2.5 2.0 2.6 1.7 
Mg+2_ mg/L 20.5 20.9 13.9 12.2 22.4 13.4 
Fe+2 & +3^ mg/L 6.0 12.8 5.8 5.9 20.5 17.2 
Ca+2, mg/L <18.0 <18.0 
— — 80.0 53.0 
K+, g/L 2.0 1.4 1.5 1.5 1.2 1.0 
Na+, g/L 13.5 12.2 20.8 18.3 22.0 18.3 
SO42-, g/L 21.9 31.2 37.6 53.0 45.5 53.1 
C1-, g/L 1.6 1.3 15.2 13.4 1.2 1.0 
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The NH4+ concentration in the broth effluent stream was much higher than in the 
broth as a result of NH4+ displacement from the resin by lysine. This desorbed 
NH4+ was reused in the fermentation as a nitrogen source when broth effluent 
was recycled. This gave an additional advantage to the recycling strategy. 
Between 40% (for N=3) and 54% (for N=1) of the (NH4)2S04 requirement could 
be satisfied in this manner. 
The cation exchange column removed 99% of the lysine from the broth. 
Capacity of a single column of the size used here was sufficient to treat 1 liter of 
broth for fermentations of each N. Glycine, alanine, and valine were the main amino 
acid byproducts, but they did not accumulate. Most alanine and valine were 
removed in the ion exchange step; less than 30% appeared in the effluent. Although 
glycine was not adsorbed by the resin, its level remained low. Threonine, one of the 
amino acid growth factors provided in the medium, was depleted by the end of 
cultivation: almost none was in the broth effluent. Although the other two growth 
factors, leucine and methionine, were not completely consumed, they too were 
removed in the cation exchange step. Hence, all required amino acids were 
replenished in full for recycle fermentations. 
Three organic acid metabolites (pyruvate, acetate, and lactate) were 
identified in each stream, and their concentrations in the broth increased with N. 
The accumulation of these acids evidently did not hinder normal growth. Trehalose, 
a homogeneous disaccharide from D-glucose, was produced during fermentation 
and its concentration remained relatively constant in all streams. 
Some of the variations in ionic content were not pursued because the 
amount of change was not important relative to the makeup quantities added. 
Na"*" was the only metal ion that exceeded the defined level in the media composed 
57 
of recycled broth effluent. The build-up of Na+ resulted from the adjustment of 
medium pH by adding NaOH solution before cultivation began and during the 
course of fermentation. Consumption of Mg+2 in each N was not consistent; it was 
utilized more in N=1 as evidenced by its relatively lower level in broth of N=1. 
Amounts of Fe (Fe+2 and Fe+3) utilized also were not consistent. The 
unexpectedly higher level in effluent compared with that of broth in N=0 may have 
been caused by Fe+" initially present in the column as a contaminant and displaced 
by the initial lysine loading; however, this cause was not investigated. The increase 
of Ca+2 in N=2 resulted from excessive replenishment because of an incorrect 
assumption of total consumption of Ca+2 in N=1 (Ca+2 content in broth effluent 
of N=1 was not measured). The anion built up in the broth was SO42-. Its increase 
with N was mainly caused by the acidification step in the downstream processing 
of each N fermentation. Broth was acidified to pH=2.0 by adding strong sulfuric 
acid before being fed to the cation exchange bed. The relatively higher CI' content 
in N=1 may have resulted from an accidental, excessive addition of HCl for pH 
control. 
Fermentation Using Complex Medium 
A recycle ratio of 0.5 was chosen for this study. Results of N=0 (control), 
N=1, and their replicates are shown in Figures 3. Because of the somewhat longer 
lag phase in the complex medium fermentations, the culture was followed for 72 
hours. The longer lag phase may have resulted from differences between the 
compositions of inoculum (defined) and fermentation (complex) media. 
Fermentations using complex medium (see Figures 3) performed better than 
those using defined medium in terms of cell growth and lysine production. Complex 
medium was able to support more than 37 g/L of cell mass and 28 g/L of L-
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Figure 3. Fermentation profiles of recycling fermentation using complex medium. 
N=0 was the control and contained no recycled broth effluent, (a) dry cell weight 
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Figure 3. (continued) (b) L-lysine-HCI 
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Figure 3. (continued) (c) total sugar. Replicates have been omitted for clarity. 
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Figure 3. (continued) (d) NH4+. Replicates have been omitted for clarity. 
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Figure 3. (continued) (e) dissolved oxygen. Replicates have been omitted for 
clarity. 
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lysine-HCI production. Although N=0 surpassed N=1 in lysine production during the 
later phase of cultivation, there was only an average difference of 2.5 g/L in the 
final L-lysine-HCl concentration between N=0 and N=1. The lower production of 
lysine in N=1 is accompanied by the relatively greater (by an average of 3 g/l at 
the maximum) production of cell mass. Both the difference of average maximum 
cell mass and average final lysine concentrations between N=0 and N=1 were 
significant at the 95% confidence level (t-test). These difference In yields may point 
to carryover of some growth factor with the recycle, but we did not pursue an 
explanation. 
Sugar consumption profiles for both batches were very much alike, except 
that N=1 had a somewhat greater (10 g/L) initial sugar content. This must have 
come from residual sugars, perhaps nonfermentable, in the broth; trehalose was 
identified. As regards nitrogen consumption, ammonium in N=1 was not utilized as 
rapidly initially as in N=0, but was used up more completely approaching the end. 
The advantage of making use of the NH4+ accumulated in the ion exchange step 
was also significant. The broth effluent contained 0.7 M NH4+; therefore, nearly 
60% of the medium requirement for (NH4)2S04 could be met by recycle at a 
recycle ratio of 0.5. Both N=0 and 1 showed similar D. O. profiles, which were 
consistent with those from defined medium fermentations. 
For fermentations using defined medium, column capacity was sufficient to 
treat 1 liter of broth for N=0 to 2 with 99% lysine removal efficiency. However, 
with the complex medium, lysine titers were higher and column breakthrough 
occurred at approximately 400 to 500 ml. It was also found that the column 
became saturated even sooner, at approximately 300 to 400 ml, while treating 
the broth of recycle batches. This requirement for higher column capacity appears 
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to be the main disadvantage for recycle. To compare complete breakthrough 
curves of control and recycle batches, broths from a new N=0 batch and the N=1 
batch from above were each adjusted to 30±0.5 g/L of L-lysine-HCI equivalence by 
addition of L-lysine-HCI. Figure 4 shows breakthrough to occur at ca. 450 ml for 
N=0 and 350 ml for N=1. Our hypothesis was that competing cationic 
components, such as metal ions, in the broth of complex medium became enriched 
in the broth of recycle fermentations. 
To investigate this hypothesis, the eluates of the saturated columns from 
the loadings shown in Figure 4 were collected and the lysine and major metal ion 
contents were assayed. Table 2 lists the total amounts of these ions eluted from 
the lysine-saturated column. As was seen with the breakthrough volumes of Figure 
4, lysine capacity is reduced for the recycled broth. These amounts correspond to 
binding capacities of 0.12 and 0.10 g of L-lysine-HCI eq. per g of dry resin for the 
initial and recycle broths, respectively. The loss of capacity cannot be accounted 
for by competitive binding of these metal ions, however, as the total amount of 
bound metals was nearly the same for both broths and, in any case, the total 
bound was not even half of the lysine capacity difference. Some other cationic 
substance was probably responsible for the deterioration of the lysine capacity of 
the column. A colored substance derived mainly from the original medium has been 
reported to have properties of a monovalent cationic form in the acidic pH region 
and a higher affinity than the lysine ion to a cation exchange resin in the 
ammonium form.9 The colored substance, which was not identified, was thought to 
be formed by browning reaction during sterilization. The same component, if 
produced during recycle, could be responsible for the capacity loss obsen/ed here. 
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Effluent volume, ml 
Figure 4. Breakthrough curves of cation exchange column operation. The two 
feeds were the broths of the complex medium control (N=:0) and the subsequent 
recycle batch (N=1). 
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Table II. Amounts of lysine and cations eluted from the cation exchange column 
after saturation loading. 
N=0 N=1 
mg meq.* mg meq.* 
L-Lysine-HCI 18.3 X 103 199.4 14.7 X 103 160.2 
Mg 2.3 0.2 0.5 0.04 
Fe 0.9 0.02-0.03 1.2 0.04-0.06 
Ca 18.6 1.0 4.6 0.2 
Na 96.4 4.2 98.8 4.3 
K 54.2 1.4 67.9 1.7 
* Milliequivalence, which was calculated by multiplying mmoles of ion by its number 
of binding sites, i.e. the charge number. 
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The phenomenon of deteriorating lysine-binding capacity was not examined in the 
recycling study based on defined medium, because column capacity was never 
exceeded in those cases. Based on the amount recovered from those broths, 
column capacity had to be at least 0.16 g of L-lysine-HCI eq. per g of dry resin, 
which is higher than that for the N=0, complex medium case. Hence, even without 
recycle, column capacity is reduced in using the complex medium. Medium 
browning was avoided in the sterilization procedure used with the defined medium. 
CONCLUSION 
The expected problem from recycle is the accumulation of inhibitors 
introduced with medium constituents, secreted during cellular metabolism, or 
resulting from cell lysis. The successful recycling with defined medium indicated that 
cellular metabolites were not a serious problem for lysine fermentation. A recycle 
ratio greater than 75% or more than three sequential recycle batches might have 
been successful, but these were not attempted. Recycle also proved to be feasible 
in complex medium fermentations though the final lysine levels were somewhat 
lower in the recycle batch. A disadvantage of recycle was the deterioration of the 
cation exchange column's lysine-binding capacity. For the recycle strategy to be 
economically favored, the cost of using a larger column and the lower lysine 
productivity in the fermentor would need to be offset by savings in the expense of 
wastewater treatment or evaporation. 
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GENERAL CONCLUSIONS 
The potential for recycle of effluent from spent fermentation broth was 
investigated for fermentations producing both intracellular microbial lipid and 
extracellular lysine. In both cases, the success of recycle with defined medium 
showed that cellular metabolites were not as serious a problem as we expected. 
However, the consequences of recycle to fermentation processes based on 
complex media were evident. The relatively uncontrolled concentrations of trace 
elements and unfermentable materials in the complex medium tended to reduce the 
prospect of recycle by inhibiting fermentation performance or increasing the 
difficulty of downstream processing. It was found that accumulation of salts 
inhibited lipid production in recycled whey permeate medium. The cation exchange 
capacity of the lysine recovery column was lower for recycled beet molasses 
medium. 
In order to reuse the process effluent without affecting overall process 
performance, an additional economic and effective treatment for process effluent, 
such as a mixed-bed ion-exchange step in the case of the microbial lipid 
fermentation, or a modification to downstream processing, such as slightly 
increasing the capacity of the lysine adsorption column in the case of the lysine 
fermentation, needed to be developed. Although those approaches may add to the 
capital cost of the process, they may still be highly favored in the long run, if offset 
by savings in wastewater treatment operating costs for the tremendous amount 
of liquid waste generated daily. 
Although each fermentation has its unique characteristics and downstream 
processing conditions may also vary, the strategies and results presented in this 
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report would be valuable for those fermentations with similar features and could 
provide principles for development of water reuse in other fermentations. 
In future work, it is recommended that a study of recycling process effluent 
in a continuous fermentation be investigated. Because of the usual requirement of 
high substrate levels in this type of fermentation, effluent which is continuously 
discharged from the fermentation is high in substrate contents, too. Recycling a 
portion of the effluent to fermentation would be favored both for waste reduction 
and for higher substrate conversion. Another proposed work is to choose another 
type of fermentation, e. g. with Streptomyces, to extend the principles of water 
reuse. 
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APPENDIX 
ZERO LIQUID DISCHARGE STRATEGY IN AN INDUSTRIAL LYSINE 
FERMENTATION PROCESS 
In this part of the study, a working scheme which introduces membrane 
technology for zero liquid discharge and pure water regeneration has been 
conceptualized for an industrial lysine fermentation process. 
in the industrial L-lysine fermentation process (Figure 1), recovery of L-lysine 
from the fermentation broth is accomplished by ion exchange. The broth is 
pumped through a bed of strong acid cation-exchange resin in the ammonium 
form. The adsorbed lysine is stripped from the resin using strong aqueous 
ammonia. This eluate stream is treated by evaporation to distill off the ammonia 
and concentrate the lysine. The lysine Is then converted to the hydrochloride salt 
and crystallized. The wash-through stream from the ion-exchange bed is the 
effluent stream. Cells and denser solids are separated from this stream by 
centrifugation to form the cell cream. Most soluble nutrients are still retained in the 
post-centrifuge stream along with a considerable amount of water. A series of 
evaporation operations are applied to remove water and precipitate ammonium 
sulfate. The remaining nutrient-rich liquid is then mixed with the cell cream for sale 
as animal feed. 
Membrane technology has proven promising for the treatment of 
processing wastes for water reuse and product recovery. Our strategy to 
introduce membrane technology to this process includes a sequential use of 
ultrafiltration and reverse osmosis on the post-centrifuge stream of the by­
product line (Figure 2). Concentrates of both high-and low-molecular-weight 
species of by-product along with pure water are expected to be produced. As 
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Figure 1. An industrial lysine production process (courtesy of Heartland Lysine 
inc.) 
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Figure 2. Flow diagram for zero liquid discharge and pure water regeneration for 
an industrial lysine fermentation process, (a) The present process in a lysine 
production by-product line; (b) the membrane treatment strategy in this 
alternative by-product line. 
* location of stream sample used for the study of membrane treatment strategy. 
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reverse osmosis uses less energy than evaporation in removing the bulk of water 
from relatively dilute streams, the strategy has a potential economic advantage 
over the present process, which uses multi-stage evaporation. This working 
scheme is an example of indirect water recycling after by-product removal. 
To study the flux and solute rejection behavior of the ultrafiltration and the 
reverse osmosis stages of the membrane processing, an ultrafiltration unit and a 
pilot scale reverse osmosis system were set up to treat the stream sample 
obtained from an industrial production plant. 
MATERIALS AND METHODS 
Stream Sample 
Five gallons of the post-centrifuge stream (see Figure 2) was sampled from 
a lysine fermentation plant (Heartland Lysine Co., Eddyville, Iowa). The sample was 
sterilized by heat and stored at -15°C until it was used. 
Ultraf i l trat ion 
The equipment layout is shown in Figure 3. The ultrafiltration device used 
was an MP2-Dual Hollow Fiber System (Spectra/Por, Spectrum, Palo Alto, CA) 
equipped with a peristaltic pump and polysulfone membrane. The membrane 
cartridge contained 40 hollow fibers of 1-mm i.d. and 20-cm length with a 
molecular weight cutoff (MWCO) of 10,000 and the total surface area was 235 
cm2. Ultrafiltration was performed at ambient temperature with a liquid circulation 
rate of 15 ml/sec, and with an initial feed volume of 600 ml. Transmembrane 
pressures from 5 to 25 psi (0.035-0.17 MPa) were used. The flux was determined 
by collecting permeate and recording the cumulative permeate at 1-min intervals 
for the first 20 min and at 5-min intervals for an additional 20 min. 
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Ultrafiltration System 
1. magnetic stirrer 
2. feed reservoir 
3. peristaltic pump 
4. pressure gauge 
5. hoUow-fifaer membrane 
element 
6. pressure gauge 
7. pressure control valve 
8. retentate line 
9. permeate line 
10. permeate reservoir 
Figure 3. Schematic of the ultrafiltration system 
79 
Reverse Osmosis 
The reverse osmosis unit, shown in Figure 4, consisted of a 10-liter reservoir 
provided with a cooling jacket and immersed heating coil to control the 
temperature. A positive displacement diaphragm pump (Hydral-Cell D-10, Wanner 
Engineering Inc., Minneapolis, MN) with a variable speed drive (ImPak plus D-C V*S 
Drives, Reliance Electric, Cleveland, OH) was used for the circulation of liquid up to 
6 gpm. The membrane element was a spiral-wound, thin-film, composite-type 
(Filmtec BW30-2514, FilmTec Co., Minneapolis, MN) with surface area of 5300 cm^ 
and pressure limit of 600 psi. A pulsation dampener (6031, Cat Pumps Co., 
Minneapolis, MN), safety valve (SS-4R3A5-C, Nupro Co., Willoughby, OH), pressure 
gauges (0-1000 psi, L-68800-07, Cole-Parmer Co., Niles, IL), rotameter 
(10A2227A-4G, Fisher & Porter, Warminster, PA) and back pressure control valve 
(26-1700, Tescom Co., Elk River, MN) to control the transmembrane pressure 
completed the separation unit. The experiment was conducted at 25°C, a 
transmembrane pressure of 540 psi, a liquid circulation rate of 1 gpm, and with an 
initial feed volume of 8 liter. The flux was measured in the same way as for 
ultrafiltration. 
Assays 
Soluble protein concentrations in the retentate and permeate for both 
ultrafiltration and reverse osmosis were determined by Bio-Rad protein assay (Bio-
Rad Laboratory Inc., Richmond, CA). 
Samples of retentate and permeate from reverse osmosis were submitted 
to 12 biochemical analysis tests in the clinical laboratory at the University of Iowa 
Hospitals and Clinics (courtesy of Professor Rex Montgomery). Organic 
components in both streams were determined by gas chromatography/mass 
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Reverse Osmosis System 
1. variable speed drive 
2. pump 
3. pulsation dampener 
4. pressure relief valve 
5. two way valve 
6. rotameter 
7. pressure gauge 
8. membrane element 
9. pressure gauge 
10. back pressure regulator 
11. two way valve 
12. immersion heater with 
temperature control 
13. agitator 
14. feed tank 
15. cold water jacket 
16. drain valve 
17. permeate line 
18. permeate tank 
19. balance 
Figure 4. Schematic of the reverse osmosis system 
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spectrometer analysis, high-performance anion-exchange (HPAE) and high-
performance cation-exchange (HPCE) chromatography in the same clinical 
laboratory. The total ion concentration (in [NaCI]eq) of both stream samples was 
estimated by conductivity measurement at 25°C (Hach 2510 conductivity meter; 
Hach Chemical Co., Ames, lA). 
Ultraf i l trat ion 
Flux/fouling data were collected during ultrafiltration. Figure 5 shows typical 
curves of the relationship between cumulative permeate volume and time for 
different transmembrane pressures. The flux behavior is also compared to an 
empirical model as shown in Figure 6. This model (Cheryan, 1986) correlates 
cumulative permeate volume, V, with time, t. The two model parameters are K, 
which represents the permeate volume at t = 1, and b, which is the long term 
fouling parameter and an indicator of continuing flux reduction: 
V data were plotted versus time on a logarithmic scale to obtain K and b. Large K 
implies high initial flux, and large b implies higher degree of continuing flux decline. 
An empirical description of flux decline is derived from the above equation: 
RESULTS AND DISCUSSION 
1 
V = ( 1 )  
I—^/(b+ly-b (2)  
where Jv is the instantaneous flux, and A is the membrane surface area. 
Ultrafiltration tests under different transmembrane pressures, from 5 to 25 
psi, were carried out to study the fouling behavior. We found that when the applied 
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Figure 5. Cumulative permeate volume in ultrafiltration of tlie post-centrifuge 
stream sample. Transmembrane pressure: 5, 15, and 25 psi; initial feed volume: 
500 ml; retentate recirculation rate: 15 ml/s. 
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pressure was higher, values of both K and b parameters increased (Figure 7). This 
indicated higher pressure would result in higher initial flux, but also would lead to 
faster flux decline. However, in terms of average flux during the operation period 
(Figure 8), the 25-psi run still had the highest average permeate flux, with the 5-psi 
run having the lowest. 
The rejection behavior of the membrane is characterized by the apparent 
rejection coefficient, R: 
R =1- Cp/Ci (3) 
where Cp is the solute concentration of the permeate, and Cj is the solute 
concentration of the initial feed. The rejection coefficient for protein, Rp, was 
calculated for each operation. It was found that Rp decreased with pressure 
(Figure 8). This finding may be because more proteins accumulated near the 
membrane surface owing to the higher transmembrane pressure. 
The flux reduction in ultrafiltration is generally ascribed to reversible 
concentration polarization, fouling by adsorption, and/or fouling by convective 
deposition. Although the stream we worked on was a post-centrifuge stream from 
the industrial process, the wet solids content was still as high as 3%. These solids, 
primarily cell debris and insoluble substrates, were thought to reduce the permeate 
flux by plugging the membrane pores. 
In order to determine the major cause of the flux decline of this stream, 
another test was carried out. After the stream sample was further treated by 
centrifugation at high gravity force (15,000 x g) in the laboratory to sediment 
most of the solids, the clarified stream sample was fed to the ultrafiltration 
system in a constant concentration operation in which both permeate and 
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Applied pressure, psi 
Figure 7. Parameters of an empirical fouling model for ultrafiltration of the post-
centrifuge stream sample at different transmembrane pressures. 
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retentate were recycled to the feed reservoir. By this operation mode, the solute 
concentration of the feed was kept the same during the operation period. The 
purpose of applying ultrafiltration in this mode was to isolate the effect of fouling 
by eliminating the effect of increasing concentration of solids and rejected solutes 
on the permeate flux. The flux behavior of the clarified stream sample in the 
constant concentration mode along with those of the originally unclarified stream 
sample in both constant concentration and concentrating modes are plotted in 
Figure 9. The system pressure for all three runs was 15 psi. The results showed 
that the flux increased nearly threefold if the solids in the stream were removed. It 
became clear that the presence of these solids greatly contributed to the 
membrane fouling. 
There was no significant difference in the flux behavior of the original stream 
sample in the constant concentration and concentrating modes. During the first 15 
min, flux was a little lower for the concentrating mode, and this was possibly 
because of the 1 to 2 min of time delay in beginning the permeate collection right 
after the operation started. After 15 min, both fluxes coincided. It suggested that 
solids and rejected solutes eventually caused similar degree of membrane fouling in 
both operational modes. 
Reverse Osmosis 
Permeate from the ultrafiltration stage was collected and further treated 
by the pilot scale reverse osmosis system to produce purified water along with a 
low molecular weight species concentrate stream. Flux and solute rejection 
behavior were studied. Decline of permeate flux was observed as shown in Figure 
10. 
The permeate flux in reverse osmosis is given by: 
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Figure 10. Permeate flux curve for reverse osmosis 
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Jv= (AP-A7I)/Rm (4) 
where Jv is instantaneous permeate flux, AP is the transmembrane pressure, Arc is 
the osmotic pressure difference, and Rm is the membrane resistance. Here the flux 
decline was ascribed to the gradually increasing osmotic pressure difference 
resulting from concentration of solutes in the retentate stream during operation. 
Table 1 lists the reported magnitude of osmotic pressure in the NaCI-H20 system 
at 25''C (Sourirajan, 1970) and the estimated pressure driving force, AP-Ati, at 
the start and finish of operation. Since the permeate Is essentially water, Ati is 
equal to n. The reported osmotic pressure is close to that calculated based on 
the ideal solution assumption; 
71 = CRT (5) 
where C is the concentration of solute, T is temperature, and R is the gas 
constant. As the transmembrane pressure was controlled at 540 psi, the pressure 
driving force, AP-Ati, was much less at the end of operation, as shown by the 
estimated value in Table 1. It was found that the flux was only 30% of the initial 
magnitude after 40 min of operation (Figure 10). 
Table 1. Estimated osmotic pressure difference and pressure driving force at the 
beginning and end of reverse osmosis operation. 
opera­ total ion in total ion in reported osmotic estimated 
tion retentate, permeate pressure, n, psi pressure 
[NaClleq [NaCljeq (Sourirajan, 1970) driving force. 
AP-Ak, psi 
start 0.51 0.0 337 203 
end 0.74 -0.0 493 47 
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Water of good quality (Table 2) with 38% recovery (cumulative permeate 
volume/initial feed volume) was obtained. Solute components in the retentate and 
permeate stream were identified and their concentrations were measured. Table 2 
lists all the rejection coefficients for those components identified as well as total 
ions. Succinic acid has the lowest coefficient value, 81.6%, possibly due to the 
presence of its unionized form in the acidic stream sample (pH=3.9). All other 
components have rejection coefficients above 95% with most effectively at 100%. 
Water recovery was limited by the osmotic pressure of the retentate. 
Increasing transmembrane pressure significantly was not feasible as we were 
operating at 540 psi and the membrane unit was limited to 600 psi. 
Integration of membrane technology into the process makes purified water 
regeneration possible. This strategy also achieves the recovery of valuable by­
products. The purified water from the reverse osmosis is of good quality and can 
be recycled to the fermentation or reused in other processes. Although zero liquid 
discharge was not accomplished in this study due to the high solute level in this 
waste stream, the strategy could be used more effectively to treat process 
effluent with low solute concentration. An additional advantage of this membrane 
strategy is that the water generated from either the reverse osmosis or 
ultrafiltration process is free of microorganisms, because the membrane acts as a 
"filter sterilizer" by retaining microorganisms on the retentate side of the 
membrane. So, if adequate sanitization procedures have been applied to the 
systems, water from reverse osmosis could be directly reused in the fermentation 
without thermal sterilization. 
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Table 2. Solute rejection coefficients for reverse osmosis 
total ion 99.4 % 
protein 100 % 
L-alanine"" 98.6 % 
L-valine"" 100 % 
glycine"" 100 % 
L-glutamic"' 100 % 
L-proline"' 100 % 
aspartic"' 100 % 
L-lysine"! 100 % 
3-methyl pentanoic acid^ 100 % 
succinic acid^ 81.6 % 
iso-butyric acid^ > 95.7 % 
butanoic acid^ 100 % 
2-methyl butanoic^ 100 % 
hexanoic acid^ 100 % 
2- piperidone^ 100 % 
levulinic acid^ 100 % 
acetic acid^ 100 % 
1. analyzed by HPCE, 2. by HPAE, 3. by GC/MS 
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